ABSTRACT A compact quint-band bandpass filter using an electromagnetic bandgap (EBG) material is proposed. To the best of authors' knowledge, this is the first quint-band filter using the EBG material. The quint-band EBG filter consists of EBG substrate and five sets of lumped capacitors. In comparison with other quint-band filters using stepped impedance resonator, the EBG filter has advantages including high Q, a wide stopband, and good band-to-band isolation. The employment of external capacitors makes it possible to control each passband's working frequency. This paper provides a simple and effective method to design a quint-band filter with a low insertion loss and a compact size. Experimental verification is provided, and a good agreement has been found between simulation and measurement. The measured return loss of the five passbands is better than 13.0 dB, and band-to-band isolation is better than 29.0 dB. The spurious signal suppression in the upper frequency range from 3.36 to 10.0 GHz is higher than 20.0 dB.
I. INTRODUCTION
In the process of rapid evolution into microwave wireless communication, the demand for multi-band/multi-functional microwave systems that support various modern services has increased rapidly. Such systems require microwave circuits and components can handle several different frequency bands.
Multi-band filters have been researched intensively and various design approaches have been proposed [1] - [8] . A miniaturized quad-band bandpass filter (BPF) was implemented on high-k substrate by using screen-printing technique [1] . In [3] , two types of dual-band BPFs were designed and combined to realize a quad-band BPF. In [4] , by using asymmetric stepped-impedance resonator (SIR), stopband bandwidth of the quad-band BPF is extended. To improve frequency selectivity, meandering structures are utilized to suppress un-wanted passbands or obtain transmission zeroes in [5] . However, there has been little research about quintband and sext-band BPFs in the past literature [6] - [8] . This is because, for the quint-band and sext-band case, it is usually difficult to simultaneously satisfy all the design conditions required for the five and six bands. A double-layered structure with more design flexibility is utilized to provide a multipath for different bands in [6] . In [8] , a tri-mode stub-loaded SIR was utilized to implement a third-order BPF with a transmission zero near the passband.
To the best of authors' knowledge, most of the reported quad-band, quint-band, sext-band BPFs are using SIR. Due to moderate selectivity of SIR and its spurious passbands, resonators are designed with different structures to suppress the spurious passband [4] , [5] or introduce transmission zeros [5] - [8] for improving selectivity. Therefore, the reported filters presented good electrical performances while noticing that circuit sizes and structures complex were compromised.
In this paper, a high Q configurable quint-band electromagnetic bandgap (EBG) filter is proposed extending our previous work [9] . A quint-band filter is constructed by EBG material and lumped capacitors using two-layer PCB manufacturing technique. The employment of external capacitors makes it possible to control each passband's working frequency. Specific working frequency can be chosen on demand by changing capacitor's value. Compared with previous work, the proposed filter has advantages of compact size, a wide stopband, good band to band isolation, and easy fabrication.
II. CEBG RESONATOR DESIGN
Implemented in a common two-layer PCB, the 3D diagram of configurable electromagnetic bandgap (CEBG) resonator is shown in Fig. 1(a) . Energy transition and coupling circuits are designed on the top copper layer of PCB as depicted in Fig. 1(b) . This circuit utilizes Co-Planar Waveguide (CPW) on top plate to couple energy into the EBG substrate [10] .
Electroplated copper posts serve as the periodic lattice in EBG substrate and connect the top layer with the bottom one. Spacing between posts was firstly determined by following what has been published in [11] . In order to achieve a compact size, the spacing then is significantly reduced based on scalable properties of EBG structure. This is because, in a scaled EBG material, new electromagnetic mode and its frequency can be obtained by simply rescaling the old electromagnetic mode and its frequency [12] . EM simulation was used to determine final spacing between those posts. High pass resonator is created by evanescent sections which confine fields inside. The small spacing between posts also contributes to an effective energy confinement. A broad electromagnetic bandgap is contributed by those periodic posts, so that a wide spurious free range can be obtained by the resonator. Q radiation of corresponding resonator is extracted from simulation results by commercial EM software Ansoft HFSS. As presented in [9] , Q radiation approximately equals to Q u (unloaded quality factor) which is 41000 at 3.50 GHz.
One air gap separating metal pad from surrounding ground plane in the bottom copper layer is used for surface mounted capacitor as depicted in Fig. 1(c) . Lumped capacitor surface mounted between the metal pad and RF (radio frequency) signal ground is connecting in parallel with copper post standing on the metal pad and LC resonance is contributed by the parallel circuits. The resonator's resonant frequency is mainly determined by capacitance of a surface mounted capacitor and inductance attributed to copper post connected with the lumped capacitor. The final cross section of the CEBG resonator is shown in Fig. 1(d) .
An equivalent circuit model of the resonator is developed and shown in Fig. 1(e) . It consists of one parallel LC resonator with input and output transformers which represent external energy coupling. The C r of this resonator is given by:
The resonant frequency can be approximated by:
In (2), C lumped is capacitance value of surface mounted lumped capacitor, L orig and C orig stand for original inductance and capacitance of EBG substrate, respectively. Q u of the resonator is given by:
In (3), 1/ Q dielectric = tan δ which is loss tangent of filter's substrate material. From (2), it is noted filter's working frequency depends on lumped capacitor's value, which can be changed to tune the filter's frequency. Since the filter's tuning frequency range depends on the external capacitors and since it does not rely on size and height of via post, the resonator's size can be significantly reduced. This design allows for an increased degree of design freedom. By utilizing commercial EM software Ansoft HFSS, a resonator with dimensions shown in Table 1 is simulated and the simulation results are shown in Fig. 2 . Please note the length and width of the resonator are only 2.5 mm and 2.0 mm respectively. Q u can be extracted from the simulation results using equations (4-6) [13] . The extracted Q u of the resonator is 234 ( f = 16.6 MHz and S 21 = −20.04 dB).
A wide spurious free range of the resonator is obtained shown in Fig. 3 . The resonator's upper stopband with -35 dB attenuation level is extended to 40.0 GHz. Simulated electric and magnetic fields of the resonator are shown in Fig. 4 . As can be seen in Fig. 4 (a), magnetic fields mainly surround a middle post standing on bottom metal pad. At resonance frequency, signal current flows through the middle post and surface mounted lumped capacitor. To simulate electric fields of the resonator, lumped RLC boundary is used to represent surface mounted lumped capacitor. The RLC boundary was applied between the circular metal pad and RF signal ground. The simulation result is shown in Fig. 4 (b). Electric field mainly concentrated around the surface mounted lumped capacitor.
III. CEBG QUINT-BAND FILTER DESIGN
By integrating five pairs of CEBG resonators, 3D diagram of the designed quint-band filter is shown in Fig. 5 . As shown in Fig. 5 (a), energy transition and coupling circuit is designed on top layer. Please note that to obtain low insertion loss of all five passbands, energy coupling circuit not only requires to couple energy for all the resonators but also requires to have a broadband coupling capability since the passbands are located in a wide frequency range. In order to avoid energy concentrating on few of the resonators which lead to a big difference regarding insertion loss for five passbands, a CPW power divider following the design procedure outlined in [14] VOLUME 6, 2018 is used to equally separate and couple energy to all resonators as shown in Fig. 5(a) . Energy transmitted through the CPW power divider is required to be transformed from CPW mode to slotline mode for efficient energy coupling. To enhance coupling efficiency to the EBG substrate, an electric short circuit at the end of the CPW and a co-existing electric open circuit of slotline are required. While different CPW to slotline transition circuits had been analyzed and demonstrated with a relative broadband [15] , their sizes are not suitable for integration and energy coupling in compact filters design. A CPW to slotline transition and coupling circuit is redesigned shown in Fig. 5 for achieving both broadband performance and compact size. Broadband energy transition and coupling is achieved by utilizing circular open slots [16] .
This proposed filter has five sets of resonators as shown in Fig. 5(b) . The resonant posts are standing on metal pad and connecting with lumped capacitors. The first one consists of Res1 (Resonator1) and Res2 working at the same frequency and determines the first working frequency band of the filter. Resonator (3, 4)/(5, 6)/(7, 8)/(9, 10), represent the second, third, fourth, and fifth set respectively and contribute to other four frequency bands. Please note that these ten resonators share a common EBG substrate with a compact size. The surrounding copper vias are preventing energy from leaking out. Fig. 5(c) shows the coupling structure of the proposed circuits, wherein the gray circle indicates the source and load, the black circle means a CEBG resonator, the dot line represents the coupling between feeding lines and resonators, and the solid line indicates the magnetic coupling between resonators. The posts between two resonators can be used to control magnetic energy coupling between those resonators. The value denotes the channel number. It is clear that each passband can be designed independently by a set of resonators.
In this study, resonator (1, 2)/(3, 4)/(5, 6)/(7, 8)/(9, 10) operate at 1.53, 1.9, 2.35, 2.86, and 3.3 GHz, respectively. The fractional bandwidths of these five channels are By utilizing commercial EM software Ansoft HFSS, a quint-band filter is simulated with optimized dimensions shown in Table 2 . The filter's S parameters are simulated shown in Fig. 7 . Keeping the other four passband's capacitor of 7.9 pF, 4.8 pF, 3.5 pF, 2.5 pF unchanged and increasing the first passband's capacitor's value from 10.6 to 12.2 pF, its center frequency is shifted from 1.57 to 1.49 GHz and the insertion loss is increased from 1.2 to 1.5 dB, while performances of other four passbands are barely changed. Please note magnetic energy coupling dominates between resonators and the passband's fractional bandwidth is determined by magnetic energy coupling coefficient between resonators. Consequently, even though lumped capacitor changes, the passband's fractional bandwidth is not changed as shown in Fig. 7(a) . Similarly, when changing the second passband's capacitance value from 8.7 to 7.1pF and keeping the other four passbands' capacitors unchanged, the second passband's center frequency shifts from 1.78 to 1.91 GHz and insertion loss increases from 0.87 to 0.95 dB. Again it is noted that performances of other four passbands are barely changed. Control of the third, fourth, and fifth passband's center frequency is shown by Fig. 7(c), Fig. 7(d) , and Fig. 7(e) respectively. It is clear from those simulation results that keeping four passband's capacitance unchanged and changing the rest one's capacitor value, its center frequency shifts with little influence on performance of other four passbands. The simulated magnetic and electric fields of a quintband filter are shown in Fig. 8 . With lumped capacitor's value of 4.8 pF, Res1 and Res2 are contributing the third passband with center frequency of 2.35 GHz. As shown in Fig. 8(a) and (b) simulated at 2.35GHz , the magnetic field vectors of the filter are mainly observed in the middle of resonant posts of Res1 and Res2, while electric fields mainly concentrate around air slots with surface mounted lumped capacitor. Examining another case, Res5 and Res6 with surface mounted capacitors of 11.6 pF give rise to the first passband with center frequency of 1.53 GHz. At 1.53 GHz, the filter's magnetic field vectors and electric fields are simulated shown in Fig. 8(c) and (d) , illustrating the same observation of magnetic and electric field distribution as noted in 8(a) and (b). This confirms a low coupling coefficient among each passband filters in our design. Fig. 9 shows photographs of the fabricated filter with attached SMA connectors. Rogers RO4350 substrate with a dielectric constant of 3.66, a thickness of 1.524 mm and a loss tangent of 0.004 is used for experimental work. In implementing the filter, a standard two layer PCB process is used to construct the metal via posts, top and bottom metal plates. ATC600L 0402 (0.5 mm × 1.0 mm) series lumped capacitors are chosen due to their small size and relatively high Q factor. Bottom view of the filter surface mounted by capacitors is shown in Fig. 9(b) . Note that Q factor of a capacitor decreases as frequency increases and a capacitor with a smaller capacitance value yields a higher Q factor for a given frequency [18] . Please also note that filter's performance will be degraded by a low Q lumped capacitor. As presented in [9] , insertion loss and Q u of CEBG filter depend on Q factor of the surface mount lumped capacitor. As the Q of capacitor reduces, insertion loss and Q u of the filter worsens while maintaining the same bandwidth. To obtain a big capacitance and high Q, small value lumped capacitors are connected in parallel shown in Fig. 9(b) . Equivalent circuit of a parallel capacitor network is shown in Fig. 10 .
IV. EXPERIMENTAL RESULTS
Suppose capacitance value of every lumped capacitor is the same:
Q of the capacitor network is : From (9), the capacitor network with bigger capacitance value has same Q with a small value capacitor suggesting that the filter with surface mounted capacitor network work at low frequency with high Q. Since working frequency of the filter depends on the external capacitors and since it does not rely on size and height of via post, this design allows for an increased degree of design freedom. The fabricated filter was measured using an Agilent N5230C network analyzer.
A short-open-load-through calibration was adopted for filter measurement.
Simulated and measured results of the quint-band filter are shown in Fig. 11 . The five passbands centered at 1.53, 1.9, 2.35, 2.86, and 3.3 GHz have fractional bandwidth of 1.91 %, 1.13 %, 1.62 %, 1.05 %, and 0.97 %. The measured minimum insertion losses of five passbands are 2.2, 3.6, 2.5, 2.6, and 5.4 dB respectively. Return losses of the five passbands are better than 13.0 dB. The measured loss is dominated by Q of lumped capacitors, which lead to an effective Q u of 163 for the filter. From the measurement results, band to band isolation of the filter is better than 29.0 dB. The spurious signal suppression in the upper frequency range from 3.36 to 10.0 GHz is higher than 20.0 dB shown in Fig. 11(b) . The effect of center frequency tuning of an individual band on other bands in our filter design is depicted in Fig. 12 . Center frequency of one passband can be customizable adjusted without compromising performances of other four passbands. The performance attributes of our filter are compared with other multi-band filters is shown in Table 3 . As can be seen, the proposed filter achieves stateof-the art performance with a compact footprint on the design, a wide spurious free range and five configurable passbands. 
V. CONCLUSION
In this paper, a compact quint-band BPF has been presented based on EBG material with detailed design procedure and analysis. To the best of authors' knowledge, this is the first quint-band filter ever reported using EBG material. The proposed circuits successfully integrate five pairs of high Q EBG resonators into one quint-band BPF with good band to band isolation and without additional matching junction. Since each pair of resonators determines a respective passband characteristic, the proposed BPFs show high degree of design freedom. The frequency locations of all the passbands can be adjusted independently by controlling external lumped capacitor. Measured results reveal that the filter achieves a compact size, good quint-band performance, low insertion loss, good selectivity at passbands edges and wide stopband. This study provides a simple and effective method to design a quint-band bandpass filter without complex fabrication process. The superior features indicate that the proposed filter has a potential to be utilized in multi-service wireless communication systems. He also directs TechPortal, a technology business incubator housed at the UCI division of Calit2, which supports and nurtures young companies and university researchers commercializing their technologies. He holds 33 U.S. patents with an additional 15 patents pending and has started several companies based on his inventions. His current research interests focus on the developing Internet of Things technologies for efficient energy utilization, smart manufacturing, and e-health. He was one of four engineering professors honored at the UCI Innovations Ceremony in recognition of their significant contributions to the university as inventors and creators in 2005. VOLUME 6, 2018 
